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ABSTRACT 


Experiments  are  performed  on  a flat  plate  with  a transverse  suction  slit  in  the 

5 6 

Reynolds  number  range  5 x 10  < Re <1.1  x 10  . Mean  Velocity  profiles,  RMS 
values  are  measured  with  hot  wire  anemometry.  Friction  velocity  is  numerically 
calculated.  The  experiments  showed  that  a classical  boundary  layer 
parameter  a is  related  to  the  suction  coefficient  Sc  with  an  equation  of  the 
form: 

In  suction^  = /\.$  + b for  0<  Sc<  3 and  y*>  10 

a without  suction  c 

The  value  of  A seems  to  depend  strongly  on  the  relative  location  with 
respect  to  suction  slit  and  possibly  weakly  on  Reynolds  number. 
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Nomenclature 

1 

Re 

Reynolds  number  Re  = 

r 

C = 

S.P.  suction  coefficient 

i 

bc 

U 

S.P. 

Mean  suction  velocity  at  the  slit 

U 

Mean  stream  velocity 

J 

u 

local  mean  velocity  in  the  boundary  layer 

u 

friction  velocity  u / tw7 p 

j- 

T 

T - 

*• 

y 

Vertical  distance  measured  from  the  wall 
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y* 

ut  y/v 

a 

a classical  boundary  layer  parameter 

| 

Tw 

wall  shear  stress 
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V 

Kinematic  viscosity  coefficient 

j • 
r 
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rms 
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INTRODUCTION 


In  the  past  suction  or  injection  has  been  successfully  used 
| to  prevent  separation,  to  relaminarize  flow,  to  obtain  minimum  viscous 

resistance  or  to  decrease  heat  flux.  Suction  for  such  purposes  has  been 
used  in  VTOL  aeroplanes,  rocket  nozzles,  and  also  in  the  experimental 
| resistance  measurement  of  an  "optimum"  ship  Cal isal ( 1972) . In  this 

last  case  suction  was  applied  to  decrease  the  effect  of  separation  at  the 
stern  of  a ship  model.  It  was  found  that  for  the  model  design  Froude  number 
a small  amount  of  suction  reduced  the  total  resistance  of  the  model  to  a value 
predicted  by  the  optimization  procedure,  seemingly  establishing  the  validity 
of  a linearized  potential  solution  and  its  application  to  optimization 
techniques. 

An  unsolved  problem  still  existed,  however,  in  the  interpretation  of  the 
. results  and  in  model-ship  correlation.  In  towing  tank  experiments  tur- 

bulence is  artificially  generated  by  a wire  or  by  a similar  arrangement. 

The  introduction  of  suction  in  the  boundary  layer  of  the  model  might 
"relaminarize"  the  flow  around  the  model.  Under  these  conditions  the  standard 
I model-ship  correlation  will  be  incorrect  as  the  model  and  the  ship  move 

. at  different  Reynold's  numbers.  The  amount  of  suction  that  seems  to  be 

effective  at  the  Reynold's  number  of  a model  can  possibly  be  ineffective  at 
the  Reynold's  number  of  a ship.  One  can  also  claim  that  the  effectiveness 
of  suction  is  limited  to  models  where  relaminarization  takes  place,  and 
this  relaminarization  is  responsible  for  the  decrease  in  the  total 
| resistance. 
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The  purpose  of  this  investigation  was  to  establish  the  conditions 
necessary  for  relaminarization  and  its  boundaries,  and  to  determine  whether 
such  conditions  existed  in  the  previously  mentioned  experiment.  This  re- 
quired a certain  amount  of  turbulent  boundary  layer  experimentation.  The 
proposed  problem  was  then  studied  as  an  inverse  problem,  that  is,  the  study 
of  the  changes  in  the  turbulent  boundary  layer  characteristics  due  to  slit 
suction.  The  rate  of  suction  was  kept  as  a variable,  as  the  required  suction 
rate  for  relaminarization  was  an  unknown. 

The  effect  of  suction  on  laminar  boundary  layers  has  been  thoroughly 
investigated  both  theoretically  and  experimentally.  Due  to  complexities 
however  similar  studies  are  limited  on  turbulent  boundary  layers.  Tennekes  (1965) 
Bradshaw  (1966,  1969),  Black  and  Sarnecki  (1965)  studied  turbulent  boundary 
layers  with  suction  or  injection.  Most  of  the  existing  theories  are, 
unfortunately,  for  uniformly  distributed  suction  and  steady  outer  flows.  It 
was  therefore  very  difficult  both  to  estimate  the  magnitude  of  suction  requires 
for  relaminarization  and  to  calculate  the  variation  in  the  boundary  layer 
parameters  due  to  slit  suction.  In  addition  to  these  problems  there  still 
remains  the  problem  of  identifying  laminar,  turbulent  and  transition  flows. 

Such  identifications  are  complicated  by  the  deceptive  nature  of  transient  flows. 

A second  equally  important  parameter  is  the  pressure  gradient  of  the 
outer  flow.  This  parameter  and  its  influence  on  relaminarization  was  studied 
by  Patel  (1968).  From  experimental  evidence  he  concluded  that  a strong, 
favorable  pressure  gradient  can  also  relaminarize  flow.  Based  on  this  study 

J 

Bradshaw  (1969)  developed  a theoretical  "reverse  transition  criteiion". 

In  this  present  investigation  the  effect  of  strong  pressure  gradients  are  j 
excluded,  even  though  they  are  of  interest  to  naval  architects.  This  parameter 
will  be  studied  separately,  as  pressure  gradients  always  exist  around  ship  hulls  j 
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The  purpose  of  this  investigation  can  be  summarized  as  a study  to 
determine  the  effect  of  a suction  slit  on  a turbulent  boundary  layer  and  to 
record  the  occurance  of  relaminarization  and  its  limits. 

EXPERIMENTS 

Wind  Tunnel 

Experiments  were  made  in  the  U.  S.  Naval  Academy  Pyle  low  speed, 
open  circuit  wind  tunnel.  This  tunnel  is  equipped  with  honeycomb  sections 
which  permit  a low  level  turbulence  in  the  flow.  The  test  section  is  one 
foot  square,  and  the  contraction  ratio  is  sixteen  to  one.  The  maximum  velocity 
in  the  tunnel  is  about  73  ft/sec.  The  velocity  is  controlled  by  a damper 
at  the  exit  end.  The  expected  ambient  turbulence  intensity  in  the  test 
section  is  about  1%. 

Model 

A flat  plate  model  was  constructed  with  a suction  slit  one  eighth 
of  an  inch  in  width  and  eleven  inches  in  length.  A one  inch  ID  pipe  was 
used  to  remove  the  boundary  layer.  A smooth  curve  completed  the  other  face 
of  the  model.  This  curvature  is  used  to  decrease  the  effect  of  piping 
on  the  main  flow.  The  flat  surface  was  leveled  to  generate  a minimum 
pressure  gradient  along  the  flow  direction  and  eleven  pressure  taps  were 
used  to  measure  the  static  pressure.  The  location  of  pressure  taps  and 
related  dimensions  are  given  in  figure  1. 

DATA  ACQUISITION  SYSTEM 

Figure  2 gives  the  calibration  and  instrumentation  system  used  for 
velocity  measurement.  This  consists  mainly  of  a boundary-layer-type  probe 
which  sends  the  information  to  the  DISA  55M01  Main  unit  through  a standard 
bridge.  No  boosters  are  used.  The  signal  is  then  sent  to  a DISA55M25 


linearizer.  The  1 inearizers  output  is  further  used  to  find  the  RMS 
value  of  the  signal.  The  linearizer  output  and  the  related  RMS  value 
are  read  by  DISA  55D31  Digital  voltmeters. 

The  Calibration  of  the  hot  wire  probe  is  done  with  the  DISA  calibration 
equipment  for  the  range  5-25  m/sec.  The  pressure  drop  in  the  calibration 
tunnel  is  measured  with  an  electrical  pressure  transducer,  which  gives  a 
digital  output.  The  calibration  of  the  system  and  the  linearizer’s  settup 
are  checked  with  an  x-y  plotter.  The  settings  are  adjusted  to  have  a 
linear  relationship  between  the  theoretical  velocity  obtained  from  the  pressure 
drop  readings  at  the  calibration  tunnel  and  the  velocity  as  indicated 
by  the  M55  system.  A linear  regression  curve  fit  is  then  used  to  obtain 
calibration  parameters.  The  initial  calibration  of  the  pressure  transducer 
is  made  using  a calibration  manometer.  The  location  of  the  probe  wire  with 
respect  to  the  flat  plate  is  measured  optically  and  the  expected  accuracy 
of  this  measurement  is  0.02mm. 

The  visually  observed  data  for  velocity  and  RMS  are  manually  recorded 
in  files  in  the  U.  S.  Naval  Academy  main  computer.  Pressure  readings  on  the 
other  hand  are  automatically  recorded  with  a scani valve  coupled  to  DAS-2  and  a 

Tektronix  4051  computer.  DAS-2  is  a locally  manufactured  data  acquisition 
system.  These  readings  are  recorded  on  a casette  tape.  Plots  of  the  data 
are  usually  obtained  with  a hard  copier  connected  to  the  Tektronix  terminal. 

The  data  thus  obtained  are  stored  in  the  main  computer  for  curther  processing. 

An  attempt  was  also  made  to  study  the  frequency  spectrum  of  the  turbu- 
lence. Unfortunably  this  could  not  be  continued  because  of  tht 
calibration  problems  encountered  with  the  available  tape  recorder. 
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EXPERIMENTS 

Nineteen  separate  experiments  were  performed  each  with  a different 
uniform  velocity  and  variable  suction  rate.  The  maximum  values  of  suction 
mean  flow  correspond  to  the  maximum  values  obtainable  by  the  existing 
equipment,  and  the  lower  limits  are  those  corresponding  to  a stable  flow. 

| 

Since  the  mean  velocity  of  the  flow  is  regulated  by  a damper,  certain  un- 
I steady  flow  characteristics  were  reported  at  low  speeds.  For  each  experiment 

the  required  checks  and  adjustments  recommended  by  DISA  were  made,  and  the 
probes  calibrated  as  described  above  (Ref.  10)  . For  the  selected  speeds  velocity 
profiles  and  RMS  values  were  first  obtained  to  calibrate  the  overall  system. 
Three  points  one  two  inches  downstream  from  *’  suction  slit  (Point  A)  Hy^re  1. 
Another  2"  up-stream  from  the  slit  (Point  B)  a..-  the  third  4"  down  stream 
from  the  slit  (Point  C)  were  selected  as  the  test  points.  In  this  selection 
the  important  consideration  was  to  be  as  close  as  possible  to  the  slit,  but 

yet  far  enough  away  from  it  that  the  flow  in  the  direction  perpendicular  to 

I 

the  plate  is  negligeable.  Otherwise,  one  will  be  forced  to  measure  that 
component  simultaneously.  The  minimum  distance  to  the  wall  was  about  0.2  mm. 
The  probe  traverse  mechanism  made  possible  the  change  of  this  distance  by 
0.01  mm,  but  0.1  mm  increments  are  used  during  these  experiments. 

The  suction  rate  was  changed  up  to  the  maximum  suction  coefficient 

Sc  =2.5  for  various  experiments.  The  Reynolds  number  range  based  on  the 

5 6 

distance  from  the  leading  edge  to  the  slit  is  3 x 10  < Re<l-1  x 10 
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RESULTS  OF  EXPERIMENTS 


MEASURED  QUANTITIES 

During  these  experiments  velocity  profiles  and  corresponding  RMS  values 
were  measured  and  recorded.  Some  typical  observations  can  be  summarized 
as  follows.  For  point  A two  inches  downstream  from  the  slit  the  velocity 
profile  showed  an  augmentation  of  velocity  up  to  a point  comparable  to  the 
boundary  layer  thickness,  and  a decrease  of  velocity  beyond  that  point 
(Figure  3).  The  net  effect  on  velocity  seems  to  suggest  a virtual  vortex 
located  at  about  the  boundary  layer  thickness.  The  change  in  profiles  do 
not  show  a linear  dependence  on  suction  quantity.  Rather  a relatively 
small  suction  quantity  seem  to  accelerate  the  flow  with  a higher  "efficiency". 
RMS  values  measured  at  point  A showed  a drastic  change  in  their  distribution. 

One  can  possibly  explain  this  as  being  the  result  of  the  shift  of  the 
outer  laminar  flow  closer  to  the  wall  (Figure  4).  The  maximum  RMS  value  is 
located  closer  to  the  wall  region.  As  the  suction  rate  increases,  the  RMS 
value  increases  first.  Then,  at  higher  suction  rates  the  maximum  RMS  value 
is  reduced  below  the  level  recorded  in  experiments  without  suction.  As  the 
suction  value  further  increases,  one  can  expect  that  the  RMS  value  in  the 
boundary  layer  region  will  decrease  to  zero,  and  one  will  have  a totally  relamin 
arized  a flow  (figure  5).  Unfortunately,  with  the  existing  equipment  such  large 
suction  coefficients  can  not  be  obtained.  But,  as  suggested  by  0.  Brien  (1965) 
relaminarization  by  suction  slit  doesn't  seem  to  be  the  most  effective  way  to 
obtain  the  reverse  transition. 

In  view  of  the  fact  that  relatively  small  suction  values  increase  the 
momentum  of  the  fluid  close  to  the  wall  by  a relatively  large  ratio,  it  would 
appear  that  a better  method  for  relaminarization  would  be  a distributed. 
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relatively  small  quantity  of  suction. 


At  point  B two  inches  upstream,  on  the  other  hand  the  profiles 
showed  a relatively  parallel  shift.  Local  velocities  augmented  by  a small 
constant  amount.  RMS  values  and  their  distribution  did  not  show  a 
significant  change,  as  in  the  previous  case  at  point  A (Figure  5-6). 

At  point  C four  inches  downstream  the  general  pattern  discusses  above  for 
point  A remained  valid  with  a small  decrease  in  the  efficiency  of  suction  (fig. 7-8) 
A dimensional  plot  of  velocity  versus  the  logarithm  of  the  distance  from 
the  wall  is  also  instructive  in  the  sense  that  one  can  observe  a departure 
from  the  well-known  universal  logarithmic  relationship  by  the  addition  of 
curvature.  This  curvature  increases  with  the  increase  in  suction  rates 
as  indicated  in  Figure  10.  Such  profiles  have  been  experimentally  verified 
and  are  theoretically  expected  for  uniform  suction,  as  are  the  bilogarithmic 
profiles  of  Bradshaw  (1966). 

COMPUTED  QUANTITIES. 

To  check  the  experimental  procedure  and  to  calibrate  the  overall  system, 
velocity  profiles  without  suction  were  compared  to  theoretical  flat  plate 
values.  Friction  velocity  UT  (UTAU)  values  were  computed  for  the  data 
points  using  a program  based  on  a method  developed  by  Powell  (1965).  This 
program  determines  a set  of  parameters  for  a given  function  which  give  the 
best  least  - square  - fit  to  a given  set  of  data  points.  About  ten 
experimental  points  were  used  for  such  data  fitting.  The  selection  of  the 
data  points  was  done  using  an  interactive  computer  program.  The  universal 
profile  tested  as  the  given  function  is: 

_u_  (l09  ♦ A)  ; K * 5'5  and  A/K  ' 5-45 
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The  value  of  thus  computed  was  then  compared  to  theoretical  values. 

A maximum  variation  of  5%  difference  between  computed  and  theoretical 
values  was  observed.  A typical  plot  of  such  profiles  is  given  in  figure  11. 
One  can  observe  that  for  40 < y*  <500  the  profile  is  logarithmic,  but 
a certain  amount  of  derivation  is  observed  for  y*  >500.  This  derivation 
might  be  due  to  variations  in  the  outer  flow. 

After  the  system  was  checked  for  calibration,  the  classical  boundary 
layer  parameters  as  defined  below  were  computed  using  a numerical  integration 
technique.  These  quantities  were  also  compared  to  the  theorically  predicted 
ones.  Except  for  boundary  layer  thickness  values  all  other  parameters 
compared  well  with  the  theoretical  ones.  The  parameters  studied  and  their 
definitions  are  given  below. 


Displacement  thickness 

6*= 

/ (1- 
O 

U-)  <>y 

(2) 

Momentum  thickness 

e * 

6 

/ (1- 

O 

(3) 

Energy  thickness 

0F  = 

■ /(I 

dy 

(4) 

t 

0 

U2  U 

Form  factor 

H = 

6* 

5 

(5) 

These  parameters  were  later  calculated  for  different  profiles  with 
and  without  suction  to  determine  the  boundary  layer  regime  and  the  effect 
of  suction  on  these  variables. 


Friction  velocity  values  for  the  flat  plate  with  suction  was  also 

computed  using  a formulation  suggested  by  Bradshaw,  Ferris,  Atwell. 

* 

This  equation  is: 

u . Uj  On  yi£  * A)  * ['"($• 

K V (A) 

where  2 = «./Aw  » K * .4,  A = 2 

This  time  and  o values  are  computed  using  the  previously  mentioned 
computer  program. 
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This  equation  is  assumed  to  be  valid  for 


>40. 


v 

After  the  calculation  of  UT  the  assumption  was  checked  for  validity. 

Direct  measurement  of  the  friction  velocity  would  be  highly  desirable 
but  the  difficulties  in  the  calibrations  suggested  this  numerical  procedure 
instead.  Figures  12-14  show  the  effect  of  suction  on  the  boundary  layer 
profile.  On  the  horizontal  axes  the  logarithm  of  y*  is  plotted  versus  the 
nondimensional ized  velocity  for  different  suction  parameters  (S.P.),  which  is 
the  estimated  velocity  at  the  slit  in  meters/sec.  It  is  interesting  to  note 
that  with  this  computational  procedure  the  data  collapse  in  the  region  10<  y*<  100 
but  then  begin  to  diverge  part  the  point  y*>  100. 

Finally,  the  parameters  are  nondimensional ized  by  dividing  them  by  the 
corresponding  parameter  at  zero  suction  and  at  the  same  Reynolds  number.  Figures 
15  to  29  are  plots  of  nondimensional ized  parameters  versus  suction  coefficient. 
From  these  diagrams  the  following  can  be  conjectured. 

1 - The  logarithm  of  non  dimensional ized  displacement,  momentum,  and 
energy  thickness  show  a linear  dependence  on  the  suction  coefficient. 

2 - The  form  factor  remains  almost  constant  at  about  1.1  with  a slight 
increase  as  the  suction  coefficient  increases. 

3 - The  nondimensional ized  friction  velocity  or  shear  stress  also  shows 
a logarithmic  relationship  to  the  suction  coefficient. 

For  the  boundary  layer  parameters  the  following  relationships  are  then 
experimentally  obtained. 


In 

(6*  with  suction  )=  a, ‘Sr  + B-, 

5-  without  suction  1 

7-a 

In 

(u  with  suction  . = A„-Sr  + B? 
o without  suction^ 

7-b 

In 

n 

( e with  suction  , 

0 without  suction^  A3  bc  B3 

7-c 

In 

(ut  with  suction  ) _ A.  Sc  + R/| 

7-d 

uT  without  suction 

9 

The  coefficients  A.,  are  strongly  dependent  on  the  location  with  respect 
to  suction  slit  and  is  very  close  to  0.  The  values  of  Ai  and  B.  are  obtained 
by  applying  a linear  regression  fit  to  the  data  and  are  given  on  the  diagram  as 
SLOPE  and  INTCP.  One  can  easily  see  that  the  SLOPE  values  are  in  most  cases 
reduced  by  a factor  of  2 as  one  moves  from  the  experiment  point  A to  the 
experiment  point  C.  The  net  effect  of  suction  upstream  is  relatively  weak 
compared  to  the  effect  downstream.  (Figure  15-29) 

DISCUSSION  OF  RESULTS 

At  all  three  test  locations  considered,  boundary  layer  suction  affected 
the  boundary  layer  profiles.  The  effect  is  more  pronounced  downstream  from 
the  slit  than  upstream.  Boundary  layer  suction  increased  the  flow  momentum 
close  to  the  wall  at  the  expense  of  increased  skin  friction.  No  complete  empirical 
or  theoretical  curve  can  be  given  at  this  time,  but  the  nondimensionalized 
boundary  layer  parameters  are  observed  to  be  related  primarily  to  the  suction 
coefficient.  The  dependence  on  Reynolds  number  seems  to  be  either  a weak 
one  or  implicit  in  the  parameters.  Friction  velocities  are  computed  numerically. 

It  is  highly  desirable  that  they  also  be  verified  experimentally.  This  will 
simplify  experimentation  procedures  and  also  Increase  the  confidence  limit. 

The  scatter  of  data  is  the  result  of  experimental  and  numerical  procedures,  and 
seems  to  be  within  an  acceptable  range.  The  values  given  for  slope  and  intercept 
should  be  used  as  trend  curve  and  not  as  a design  parameter.  The  "effectiveness" 
of  suction  downstream  from  the  slit  can  be  studied  as  a variation  of  the  slope 
for  the  curve  relating  boundary  layer  parameters  to  the  suction  coefficient 
at  different  test  locations. 
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At  this  point  it  seems  that  a frequency  analysis  of  the  fluctuating 
component  of  the  velocity  might  give  additional  information  as  to  its 
spectrum  along  with  the  variation  of  this  spectrum  when  suction  is  used.  This 
procedure  will  give  a measure  of  the  turbulent  kinetic  energy  decay. 

The  effect  of  the  pressure  gradient  away  from  the  slit,  resulting  from 
slit  suction  is  assumed  in  this  work  to  be  small.  In  ship  model  applications, 
on  the  other  hand,  one  can  not  use  the  same  assumption.  It  would  therefore 
be  necessary  to  include  this  parameter  for  a more  general  application. 

CONCLUSIONS 

Experiments  were  conducted  over  a relatively  small  range  of  Reynolds 

numbers  5x1  Ob<Re<l . 1 x 1 0& . The  maximum  suction  coefficient  applied  was  Sc=  3. 

A detailed  study  of  these  experiments  show  that  slit  suction  decreases  the 

loss  of  momentum  in  the  boundary  layer  at  the  expense  of  an  increase  of 

skin  friction.  A moderate  suction  rate  can  therefore  be  applied  to  retard 

or  stop  separation  to  decrease  form  resistance.  At  higher  suction  rates 

as  the  UT  value  increases  both  upstream  and  down  stream  from  the  slit  location, 

additional  increase  in  suction  may  not  be  beneficial  from  the  point  of  view 

of  resistance  optimization.  The  range  of  the  Renolds  numbers  covered  in 

this  experiment  is  not  exactly  the  range  of  the  previously  mentioned 

experiments  where  suction  was  applied  to  the  ship  model.  In  that  case  the 

5 5 

range  of  Reynolds  numbers  was  8.3  x 10  Re<19  x 10  . The  maximum  suction 

coefficient  in  the  same  experiments  was  Sc = 1.9.  For  the  optimum  suction 
value  of  about  5 gallons/min  the  corresponding  coefficient  was  Sc  = .5. 

Using  the  results  of  the  current  experiments  we  can  conclude  that  the 
resistance  of  a ship  model  or  of  a ship  can  be  successfully  decreased  by 
controlling  separation  which  can  be  accomplished  by  suction  slits-  Relaminarization 

I 
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of  the  flow  on  the  other  hand  requires  much  larger  amount  of  suction  Sc>  3. 
if  a suction  slit  is  to  be  employed.  One  can  conjecture,  therefore, 
that  in  the  experiments  reported  in  Cal isal  (1972)  the  application  of  suction 
decreased  the  wake  and  the  wake  resistance  by  reducing  separation.  Meanwhile, 
skin  friction  continuously  increased,  at  least  close  to  the  suction  slit. 

This  resulted  in  an  increase  of  frictional  resistance  past  a certain  suction 
value  the  suspected  relaminarization  was  therefore  absent,  and  not  responsible 
for  the  reduction  in  total  drag.  For  a ship  similar  reduction  in  drag  is 
possible.  The  scaling  should  be  done  at  suction  coefficient  values,  since 
this  parameter  seems  to  be  the  dominant  one. 

The  usage  of  distributed  slits  or  continuous  suction  becomes  apparent, 
as  the  dependence  between  boundary  layer  parameters  and  the  suction  coefficient 
is  non  linear. 

Additional  insight  can  be  obtained  from  a similar  study  at  higher 
Reynolds  numbers.  From  the  present  study  it  would  seem  that  Reynolds  number 
dependence  is  implicit  in  the  boundary  layer  parameters. 

I he  variation  of  boundary  layer  parameters  with  suction  depends  more 
strongly  on  the  suction  coefficient  and  the  relative  location  with  respect  to 
the  slit. 

It  is  hoped  that  a numerical  procedure  can  be  developed  for  boundary 
layer  flows  with  Injection  or  suction  using  the  insight  gained  by  this  study. 
Additional  problems  such  that  combine  boundary  layer  suction,  pressure  gradient 
and  the  free  surface  can  be  studied  profitably.  Additional  experimental  research 
for  the  direct  measurement  of  friction  velocity  and  Reynolds  numbers  at  higher 
range  are  also  being  considered. 
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FIGURE  12  NUMERICAL  COMPUTATION  OF  U WITH  SUCTION  PROBE  AT  POINT  A 
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EXPERIMENT  14 
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FIGURE  21 


PROBE  AT  LOC 


SUCTION  COEFFICIENT 

FIGURE  22 


PROBE  AT  LOC.B 


SUCTION  COEFFICIENT 

FIGURE  23 


PROSE  AT  LQC 


SUCTION  COEFFICIENT 


PROBE  AT  LOC.C 


SUCTION  COEFFICIENT 


PROBE  AT  LOC.C 


SUCTION  COEFFICIENT 

FIGURE  26 


PROBE  AT  LOC.C 


FIGURE  27 


PROBE  AT  LOC.C 


SUCTION  COEFFICIENT 

FIGURE  28 


PROBE  AT  LuC.C 


SUCTION  COEFFICIENT 


